Background: The 3-dimensional autologous chondrocyte transplantation (ACT3D) comprises isolation of chondrocytes from cartilage biopsies, cultivation to spheroids, and transplantation into the cartilage defect. Objectives: To evaluate the patients' general health and functionality and to assess the defect repair after ACT3D with spheroids by MRI and MOCART scoring. Methods:Thirty-seven patients with isolated chondral lesions of the knee underwent ACT3D with spheroids through medial arthrotomy. Patient-administered scores were assessed at baseline (day before transplantation), at 6 weeks, and at 3, 6, and 12 months. MRI and MOCART scoring were performed at 3 and 12 months after ACT3D. Results: Patients were diagnosed with full-thickness patellofemoral (n = 16), femoral condylar (n = 18), or both defect types (n = 3), International Cartilage Repair Society (ICRS) grade 3 or 4, with defect sizes between 1.0 and 12.0 cm 2 . On average, 59.5 spheroids/cm 2 in defect size were transplanted. An overall statistically significant improvement from baseline to 12 months was observed for all assessment scores (Lysholm, International Knee Documentation Committee [IKDC], SF-36, Tegner) combined with a significant reduction in the visual analog scale (VAS) for pain and an advanced defect filling. Subgroup analyses revealed a positive clinical outcome independent on defect size, defect locations, spheroid dosage, age, duration of symptoms, and severity of complaints at baseline. Seven patients experienced in total 8 adverse events, of which knee joint effusion and blocking were assessed as possibly or probably related to ACT3D. Conclusions: The patient-administered assessment scores along with the fast defect filling with ACT3D using spheroids demonstrated an increase in activity level and quality of life after a 1-year follow-up.
Introduction
Articular cartilage is an avascular, aneural tissue that has poor regenerative capacity compared to other mesenchymal tissues. As a consequence, adult articular chondral defects often progress into osteoarthritis. 1 Articular cartilage injuries are a common orthopedic problem, affecting more than 1 million people per year in the United States. 2 As severe and chronic forms of knee cartilage damage, osteoarthritis is one of the most common disabling disorders, affecting more than 10% of the Western population. 3 Approximately 175,000 total knee replacement operations are performed annually in Germany as a consequence of osteoarthritis. 4 Reduced joint function and pain often result in the disability to work or to follow daily life activities. Generally, clinical efficacy of any repair method should therefore demonstrate the improvement of clinical symptoms together with a hopefully structural repair as surrogate parameters for the prevention of osteoarthritis. 5 The filling of the defect with hyaline-like repair cartilage tissue is proposed to be an essential factor in long-term clinical success of cartilage repair methods. 6, 7 One of the approaches seen to be most successful in longitudinal analyses is the autologous chondrocyte transplantation (ACT). 8, 9 The principle of ACT is based on the biopsy from healthy cartilage containing the patient's own chondrocytes, which are in vitro cultured and subsequently transplanted into the cartilage defect. Arthroscopic findings after ACT are known to display favorable filling with repair tissue, good adherence to underlying bone, seamless integration with adjacent cartilage, and stiffness close to that of the adjacent tissue. 10, 11 ACT is regarded to achieve a high tissue quality in cartilage repair as the implantation of autologous cultured chondrocytes into a chondral defect may replace damaged cartilage with hyaline or hyaline-like cartilage. 6, 12, 13 Marrow stimulation techniques such as microfracture 14 aim to provide fibrocartilaginous repair tissue that however seems to develop, in a long-term sense, mechanical properties inferior to those of hyaline cartilage as it has been shown to degenerate over time due to shear forces. 15, 16 Thus, microfracture is recommended only in smaller, isolated cartilage defects (1-3 cm 2 ) in young, active patients. 17 ACT products have been used since 1987 (first generation) to treat cartilage defects. 12 A further development is the 3-dimensional autologous chondrocyte transplantation (ACT3D). Here, 3-dimensional chondrocyte constructs or structures, either purely autologous or associated with scaffolds, are transplanted, offering several advantages. [18] [19] [20] The 3-dimensional structure is known to be important for growth and is assumed to contribute to the phenotypic stability of chondrocytes. However, due to the xenogenous fixation materials in many products, there might be a risk of immune responses, infections, or healing problems. It was reported in a goat model that the suturing of articular cartilage in the femoral groove induced severe local damage, which was progressive and reminiscent of that associated with the early stages of osteoarthritis. Compared to control regions, chondrocytes were lost from the perisutural area, and the fissures did not heal. 21 Another approach was the development of the autologous 3-dimensional chondrocyte product co.don chondrosphere (co.don AG, Teltow, Germany), which has been marketed in Germany and other European countries since 2004. co.don chondrosphere consists of human autologous spheroids in 0.9% NaCl suspension and is used for transplantation into isolated cartilage defects of joints. The spheroids derive from human autologous chondrocytes, which can produce cartilage-specific matrix and are able to build a 3-dimensional structure under defined cell culture conditions. The major advantage of these spheroids is that they are purely autologous in a sense that neither during the manufacturing process nor for the transplantation is xenogenous material is used, which reduces the risk of rejections or incompatibilities or viral contaminations. While chondrocyte cell suspensions do not start differentiating and secreting matrix proteins until their transplantation into the cartilage defect, the chondrocytes in the spheroids are in a more advanced differentiation state already before being transplanted. Due to the higher differentiated state and a pronounced formation of extracellular matrix, the spheroids may provide a faster refilling of the defect with hyaline cartilage than the cell suspension products. 22, 24 It could be demonstrated in in vitro investigations as well as in the minipig animal model that the spheroids start fusing already 1 day after application to the cell culture dish or bone plate, respectively. This fusion construct is the start for repair tissue. In vivo, this tissue develops to hyaline cartilage. A special feature of co.don chondrosphere is also the adhesion and direct contact of spheroids to the native cartilage tissue without any additional matrices or scaffolds as described above. 23 The chondrogenic potential of the spheroids was demonstrated in in vivo animal studies as well as functional in vitro tests by detection of respective hyaline cartilage-specific markers. 17, 24 In the SCID mouse model, the differentiation of spheroid chondrocytes as well as the adhesion and integration of spheroids into native cartilage after subcutaneous transplantation was observed. 25 An integration of the spheroids into generated cartilage lesions, no gaps between cartilage and spheroids, and direct cell-matrix contacts could be observed after 12 weeks.
Since 2004, co.don chondrosphere has been used in clinical practice for the treatment of chondral defects in the knee up to 10 cm 2 and in some cases even up to 15 cm 2 , classified as Outerbridge or International Cartilage Repair Society (ICRS) grade 3 or 4. However, a systematic evaluation of the improvement in functionality, mental and physical health, quality of life, and tolerability in association with the cartilage repair after transplantation of co.don chondrosphere has not yet been performed.
Regarding the locations of the cartilage defect in the knee, most clinical studies with classic ACT were performed to treat defects on the femoral condyle, although recently, published long-term results demonstrate that ACT with the use of periosteum is a valid treatment for patellofemoral lesions. 26, 27 Because of the 3-dimensional nature of co.don chondrosphere, it was suggested that this product may also be suitable for defect locations in the knee other than at the femoral condyle. Particularly for patellofemoral defects, ACT3D offers a promising treatment option without the use of periosteum with favorable results at short-and long-term follow-up. 28 Therefore, this investigator-initiated trial (IIT) was conducted to include patients from the daily practice with cartilage defects with a broader range regarding age, defect size, defect, body mass index (BMI), and spheroid dosage when compared to the stringent conditions of a randomized controlled phase III clinical trial (RCT). The objective of this IIT was to evaluate the patients' subjective assessments for general health and functionality before and at 6 weeks and 3, 6, and 12 months after transplantation. Furthermore, the results of MRI are presented, having been taken before and 3 and 12 months after transplantation in order to assess cartilage defects after treatment with co.don chondrosphere.
Methods
This prospective IIT was conducted at the University Medical Center Mannheim, University of Heidelberg (Germany), according to the principles of the Declaration of Helsinki (World Medical Association). Approval was obtained by the local independent ethics committee. The University Medical Center Mannheim is authorized for withdrawal of starting material for donation and procurement according to directive 2004/23/EC.
Participants
Thirty-seven patients with focal chondral lesions of the knee were screened and selected for the IIT between 2008 and 2010. From all participating patients, a signed informed consent form was obtained. Twenty-two men and 15 women were included in the IIT and underwent ACT3D with spheroids (co.don chondrosphere) ( Table 1) . A final assessment was performed at 12 months after treatment.
Treatment with the Investigational Product
The treatment with spheroids, as with any other ACT product, is a 2-step surgical procedure requiring, at the first step, a diagnostic arthroscopy. For cultivation of the autologous chondrocytes, cartilage biopsies were taken during arthroscopy from the medial femoral condyle rim outside of the loaded area with a 6-mm gauge.
In addition, approximately 240 mL of blood was taken from the patient to obtain serum for the cultivation of the chondrocytes. The advantage of using the patient's own blood for obtaining serum for chondrocyte cultivation is that no addition of antibiotics, antimycotics, growth factors, and other allogenic or xenogenic substances (e.g., fetal calf serum) is required.
The tissue biopsy and blood samples were transported to co.don AG (Teltow, Germany), a Good Manufacturing Practice (GMP)-approved facility, for manufacturing of the spheroids. For this purpose, chondrocytes were isolated from the biopsies and cultured under defined cell culture conditions, until they had developed to 3-dimensional spheroids. From clinical experience with doses of co.don chondrosphere, a range of 10 to 70 spheroids/cm 2 of defects was applied in clinical practice in the majority of cases treated since 2004. Thus, this dose was aimed for being transplanted in this clinical trial, which requires a total cultivation period between 5 and 10 weeks, depending on the individual proliferation behavior of the cells. The spheroids were then harvested, washed, and transferred in physiological saline solution directly into a sterile syringe, which was placed aseptically in sterile packaging and transported back to the clinics in a box with wet ice. The transplantation (surgical step 2) of the spheroids was performed using medial arthrotomy at the knee. After debridement of the defect and complete removal of any cartilage tissue and calcified cartilage within the defect area, the spheroids were applied. In most cases, no bleeding from the subchondral bone plate was seen after debridement. A few patients showed minimal bleeding of the subchondral plate, and spheroids were applied after the bleeding was stopped. After approximately 20 minutes, the attachment of the spheroids to the bone plate had occurred, and additional covering was not required.
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Endpoints
Primary endpoint was the subjective improvement of symptoms and functionality and the repair of the cartilage defect at 12 months after ACT3D compared to baseline (day before transplantation).
Secondary endpoints were
• clinical assessments of knee functionality and subjective patient-reported outcome at 6 weeks and 3 and 6 months after ACT3D compared to baseline, and • the change of knee functionality and subjective patient-reported outcome from baseline to 6 weeks, from baseline to 3 months, from 6 weeks to 3 months, from 3 to 6 months, and from 6 to 12 months.
Trial Conduct
At screening, inclusion and exclusion criteria were checked. Inclusion criteria were male and female patients between 15 and 53 years of age, isolated cartilage defects according to ICRS grades 3 and 4, presence of subchondral bone lamella at the medial and lateral femoral condyle and at the trochlea and retropatellar, cartilage surrounding the defect had to be intact, and informed consent form signed by the patient. Patients were excluded from the IIT if they had defects on both knees at the same time, radiological signs of osteoarthritis, any signs of knee instability, rheumatoid arthritis, parainfectious or infectious arthritis, any condition after these diseases, cartilage lesion on the corresponding joint area, valgus or varus malalignment, total resection of the meniscus and partial resection of the meniscus with more than 50% resection of the meniscus diameter, alcohol or drug (medication) abuse, current diagnosis of human immunodeficiency virus (HIV-1, -2) and/or hepatitis C virus (HCV) infection, acute infectious diseases, autoimmune diseases, cancer, chronic heart diseases, endocrine or metabolic diseases, coagulation dysfunction, chondropathy, patellar dysplasia, any concomitant painful or disabling disease of the spine or hips or lower limbs that would interfere with the rehabilitation program, were pregnant or nursing, and were participating in concurrent clinical trials.
Demographic data, baseline characteristics, routine laboratory parameters, body temperature, HIV and hepatitis testing according to directive 2006/17/EC 30 , concomitant diseases, and medications/measures were recorded in the case report form (CRF). Lower extremities were investigated regarding ligament stability, relation of the axes, and appearance of the skin. MRI pictures and conventional radiographs not older than 8 weeks were used to assess the cartilage defect and to determine the eligibility of the patient for participating in this IIT.
On the day before arthroscopy, inclusion and exclusion criteria were checked again, and patients filled in the questionnaires to assess their current state of health, pain, and functionality. During arthroscopy, the cartilage defect was classified macroscopically according to ICRS grades, and biopsies and blood samples were taken for the cultivation of the chondrocytes as described above.
In a second surgical step after 5 to 10 weeks, patients were transplanted with their individual spheroids. After postsurgery immobilization for 48 hours, the patient had to follow a strict standardized rehabilitation program. Regular continuous passive motion (CPM) therapy was organized for up to 6 weeks for a minimum of 6 hours daily. The rehabilitation program included partial weightbearing for 6 weeks.
Patients visited the investigator at 6 weeks and 3, 6, and 12 months after ACT3D, where the clinical status was checked and blood samples were taken for laboratory analyses. The consumption of pain medication, any changes in other concomitant medications, tolerability of the treatment, and the occurrence of any adverse events (AEs) were recorded in the CRF.
MRI
High-resolution MRI of the respective knee was performed at 1.5 T (Magnetom Avanto, Siemens Healthcare Sector, Erlangen, Germany) using a circular, polarized 8-channel knee coil (Siemens Healthcare Sector) at 3 and 12 months after ACT3D. All examinations were performed in a feet-first supine position using established MRI sequences 31 of a standard knee MRI protocol including proton density, fast spin echo, and gradient-echo acquisitions in sagittal, coronal, and axial orientations for cartilage and bone marrow evaluation.
MRI scans were obtained from 11 patients both at 3 and 12 months. Nine patients received MRI only at 3 months and 3 patients only at 12 months. The 9 patients at the 3-month follow-up were not willing to take additional MRI scans at the 12-month follow-up; 3 patients were lost at the 3-month follow-up. Seventeen patients were not scanned at all due to unwillingness to get additional MRI.
Cartilage Assessment
For the evaluation of the cartilage repair tissue, the previously published and validated classification system MOCART was used. 32 The MOCART system includes 9 variables that are used to describe the morphology and signal intensity of the repair tissue compared to the adjacent native cartilage. Every parameter on the anonymous MRI pictures was assessed by 2 independent, experienced readers (one radiologist with 7 years of cartilage MRI experience, and one orthopedic surgeon with 10 years of cartilage MRI experience), and a certain score value was given to each patient. For every patient, a maximum score value was calculated, summarizing the 9 parameters for the first and second followup MRI examination after ACT3D.
Instruments for Subjective Assessments
The following subjective questionnaires were used to evaluate patient outcome at baseline, which was defined as baseline, and at 6 weeks and 3, 6, and 12 months after ACT3D: 1) Lysholm score assessing pain and functional parameters of daily living 33 ; 2) International Knee Documentation Committee (IKDC) subjective knee evaluation form rating symptoms, sports activities, and function; 3) 100-mm visual analog scale (VAS) for pain; 4) Short Form Health Survey (SF-36) evaluating the general health with mental and physical components; and 5) Tegner score covering activities in daily life and recreational and competitive sports. 33 
Safety
The AEs were assessed with regard to seriousness, intensity, and causality and classified by system organ class (SOC) and preferred term (PT) according to MedDRA version 13.1.
Statistical Analysis
For statistical analysis, PASW Statistics version 18.0 (IBM SPSS Statistics, Ehningen, Germany) was used. Changes from baseline (day before transplantation) to final assessment at 12 months were statistically evaluated using the MannWhitney U test. Significances of differences between the subgroups were analyzed with the Kruskal-Wallis test. P values <0.05 were considered as statistically significant. Data are presented as median (range) or as mean ± standard deviation (SD) as indicated.
Results
Baseline Characteristics
Thirty-seven patients (22 men, 15 women) aged between 15 and 53 years were included in the study for treatment with the spheroids (Table 1) . For the 15-year-old male patient, closed epiphyses were confirmed by conventional x-rays; therefore, this patient was assessed as eligible for the treatment with ACT3D.
Patients were diagnosed with full-thickness patellofemoral defects, femoral condylar defects, or both types of defects in the knee. The majority of patients had defect sizes either ≤3 cm 2 (n = 16) or >5 to 12 cm 2 (n = 13). Seven patients had defect sizes between 3 and 5 cm 2 . For one patient, the defect size was not assessed. At screening, all defects were classified as Outerbridge grade 3 (fissuring to the level of subchondral bone in an area with a diameter more than 1.5 cm) or grade 4 (exposed subchondral bone). The duration of symptoms due to the cartilage defect (pain, impairment in general health, and daily life functions) varied between 2 months and 11 years. Sixteen patients had symptoms for ≤12 months, whereas 13 patients had symptoms for more than 12 months before inclusion in this IIT. For 8 patients, no information was available.
Before consultation at the University Hospital, 17 patients had no operations relating to their cartilage defect or regarding any other complaints in the affected knee. The other patients had already undergone surgical treatments (anterior cruciate ligament [ACL] reconstruction, meniscal surgery, or high tibial osteotomy) ( Table 2 ). In total, there were 15 patients with 1, 3 patients with 2, 1 patient with 3, and 1 patient with 6 previous surgical treatments.
During the first surgical step, that is, the diagnostic arthroscopy, 5 patients received additional treatments in the affected knee: ACL reconstruction in 1 patient, meniscal surgery (e.g., suturing, partial resection) in 1 patient, and high tibial osteotomy in 3 patients.
Operation Time and Additional Treatments of the Affected Knee
The operation time for the ACT3D was on average 60.12 minutes (range, 39-148 minutes) and varied depending on the additional surgeries in the operated knee. During the transplantation of the spheroids, lateral release was performed in 2 patients, ACL reconstruction in 1 patient, and meniscal surgery in 1 patient. The operation time for 1 of the 2 patients with the ACL reconstruction took 148 minutes. Duration of the other operations varied between 39 and 95 minutes. 
Spheroid Dosage
MRI Assessment of Cartilage Repair with the MOCART Score
Assessments of the defect filling using MRI and 2-dimensional MOCART score were performed by 2 independent readers Note: Values in parentheses represent minimal and maximal possible points. R1 = reader 1; R2 = reader 2. *P < 0.05 (t test): significant difference to the 3-month assessment of reader 1.
in 20 patients at 3 months after ACT3D and in 14 patients at 12 months after ACT3D ( Table 3 ). Both readers gave higher scorings for all subdomains at 12 months as compared to 3 months after transplantation. In particular, reader 1 assessed a significant improvement in synovitis (subdomain 9) from 3 to 12 months, while reader 2 assessed a significant improvement in the subdomains 3 and 4 describing the surface and the structure of the repair tissue, respectively. A nearly complete integration was observed, and the defect filling was assessed with 15 of 20 points. However, the overall increase of the MOCART total score from 3 to 12 months after transplantation was not significant for the assessments of both readers, suggesting that the defect repair at 3 months was already at an advanced stage. Of a maximum score of 100 points, the scores reached 68.9 ± 27.56 and 71.1 ± 25.2 points, respectively, after 12 months ( Table 3) . Examples of MRI pictures of 2 patients at 3 and 12 months after ACT3D are presented in Figure 1 . The evaluations of the subchondral lamina and bone marrow edema are part of the MOCART score and reflected by 5 points for each criterion. After 1 year, bone marrow edema was still present in 8 patients. The subchondral lamina was not intact in 6 patients and intact in 8 patients.
Patient-Administered Assessment Scores
Clinical efficacy of ACT3D was investigated in terms of functional, symptomatic testing according to several clinical outcome scores addressing motility, pain, and postoperative physical burden as recommended by medical societies like the German Joint Working group on Tissue Regeneration and Tissue Replacement and the European Committee for Advanced Therapies (CAT). 17, 34 Also, socioeconomic and quality of life aspects were addressed. An overall statistically significant improvement from baseline to 12 months was observed for all scores assessed by the patients as it is shown in detail for each score in the following.
Lysholm score. The median Lysholm score significantly increased from 48.0 (range, 3-91 points) at baseline to 82.5 (range, 34-100) points after 12 months (Fig. 2) . The increase from baseline to 6 weeks after ACT3D was not significant. However, from baseline to 3 months, from 6 weeks to 3 months, and from 3 to 6 months after ACT3D, a further significant improvement in the Lysholm total score was observed. From 6 to 12 months, the level of responses remained constant; the slight increase was not significant.
IKDC. A significant increase of the median IKDC total score was observed from 44.0 points at baseline to 64.0 points at 12 months after ACT3D (Fig. 2) . The strongest increase was observed between 3 and 6 months. Consistent with the Lysholm score, the maximal improvement was already reached after 6 months and remained at a constant level up to 12 months.
VAS for pain. When evaluating the assessments of the VAS for pain, a significant reduction in pain symptoms rated 6.0 points (median) before transplantation to 4.0 points (median) was reported by the patients already at 6 weeks after ACT3D (Fig. 2) . The lowest level of pain with 3 points (median) was reached after 3 months and remained constant up to 12 months.
Tegner score. The total median Tegner score at baseline was 1.0 point with a range between 0 and 7 points. The total Tegner score from baseline to 12 months was significantly increased (Fig. 2) . An improvement to 2.0 points was reported between 6 weeks and 3 months, with a further increase of this score to 3.0 points at 6 months and to 4.0 points at 12 months after ACT3D.
SF-36. Before transplantation, the majority of patients scored low for the total SF-36 (data not shown) and of physical and mental health (Fig. 2) . After 12 months, significant improvement in total SF-36 as well as the physical and mental subscores was observed (P < 0.0001 for each score). A significant improvement in the physical and mental health was reported by all patients from 3 to 6 months after ACT3D. A slight increase in the scoring was observed for both subscores from 6 to 12 months, which however was not significant.
Subgroup Analyses
Duration of symptoms. The duration of symptoms before inclusion into the IIT was classified into 2 groups with ≤12 months (16 patients) or >12 months (13 patients) ( Table 1) . No statistically significant differences between the groups in responses at baseline and at posttransplantation assessment Figure 2 . Changes in the self-administered assessment scores from the day before ACT3D (baseline) to the final assessment at 12 months. The boxes indicate the 25th and 75th percentiles; the error bars (whiskers) indicate the 10th and 90th percentiles. The bullet points mark the outlying values. wk = weeks; mo = months; pre-TP = day before transplantation. *P < 0.05. **P < 0.001. ***P < 0.0001. time points were observed for the changes of the Lysholm score, IKDC, VAS for pain, and SF-36 physical and SF-36 mental score (data not shown). For only the Tegner score, a significant difference was observed between both groups at 12 months after ACT3D. Those 16 patients with a duration of symptoms ≤12 months gave significantly higher ratings for their activity level (4.42 ± 1.16 points) than the 13 patients with a duration of symptoms >12 months (3.27 ± 1.1 points) (P = 0.032, Mann-Whitney test). This implies that 12 months after treatment with the spheroids, the level of sports and daily life activities of patients were less pronounced when symptoms in the affected knee persisted for more than 1 year. Spheroid dosage. No statistically significant differences between the dose groups (≤35.0, 35.1-60.0, or >60-170.0 spheroids/cm 2 ) regarding any of the subjective assessment scores were observed at any time (Fig. 3A) . This demonstrates that spheroid dosage within the applied range did not seem to be a critical parameter for the improvement in general health, pain, functionality, and physical activity.
Cartilage defect size. Patients were categorized in 3 subgroups with respect to defect size (≤3.0 cm 2 , 3.1-5.0 cm 2 , and >5.0 cm 2 ) ( Table 1) . At baseline, patients with defect sizes >5.0 cm 2 had a tendency to higher ratings for the mean Lysholm score, IKDC score, Tegner score, SF-36 physical score, and a lower VAS for pain rating compared with the mean values of these scores for the other defect size groups. This seems to illustrate a higher activity level and a lower level of symptoms in patients with larger defect sizes at baseline compared with the patients with smaller defect sizes. However, it is questionable whether this observation is of clinical relevance as the differences at baseline were not statistically significant for most scores; only the IKDC was significantly different between the groups.
A clear improvement in performance and reduction in pain and symptoms could be observed for all groups at 12 months after ACT3D (Fig. 3B) . No statistically significant differences between these groups at 12 months after ACT3D were observed for all scores.
Location and number of cartilage defects. The subjective assessments were evaluated with respect to the defect locations at the femoral condyle or patellofemoral ( Table 1) . For the IKDC, patients with defects at the femoral condyle gave lower ratings compared with patients with patellofemoral defects at baseline, implying that they suffered from stronger complaints before transplantation. At 12 months after ACT3D, the relative change of all scores was comparable between these 2 groups (Fig. 3C) . In the group with both defect types, the preoperative-postoperative differences for IKDC and SF-36 were less pronounced.
The analysis of IKDC, Tegner score, Lysholm score, VAS for pain, and SF-36 for physical and mental health revealed no statistically significant differences in the assessments between the defect location at any time point.
Age subgroups. For the purpose of this analysis, patients were divided into 3 age groups: ≤30, 30 to 40, and >40 years of age. No statistically significant differences between the age groups regarding any of the subjective assessment scores were found at 12 months after ACT3D (Table 4) . However, a tendency towards a better outcome in younger patients ≤30 years old as compared to older patients could be observed, although it has to be considered that the group with the younger patients seemed to have a better health status indicated by higher functionality scorings and lower pain scoring at baseline compared to the other groups with older patients. Thus, the relative change from baseline to 12 months was comparable between the groups.
IKDC ≤30 or >30. Patients were divided into 2 groups with regard to their IKDC ratings of ≤30 or >30 points at baseline. The majority of patients (n = 23) had an IKDC of >30, indicating a lower level of symptoms and a higher level of sports activities and function, while 7 patients had an IKDC ≤30. For 7 patients, no ratings are available. Consistent with the higher IKDC of >30, the baseline assessments for most of the other scores reflect less pronounced symptoms and a better functionality when compared with the patients with the IKDC ≤30.
Significant differences in all scores were observed between the groups at different assessment time points between baseline and 6 months. However, at 12 months after ACT3D, there was no longer any statistically significant difference between the groups detectable (Fig. 4) .
Adverse Events
All reported AEs and serious AEs (SAEs) during the first 12 months of the trial are presented as reported by system organ class (SOC) and preferred term (PT) according to MedDRA (version 13.1) ( Table 5 ). Of 37 patients being treated with the spheroids, 7 patients experienced in total 8 AEs during the 12-month follow-up period.
Two patients reported swelling, and 2 patients had knee joint effusion, both of mild intensity and up to 3 months after transplantation. Joint effusion was assessed as probably being related to the spheroid application.
Two patients had blocking of the knee joint in relation to loading, 1 patient at 6 months after transplantation, and 1 patient throughout the whole follow-up period. Blocking was assessed as moderate and possibly related to the treatment with spheroids. In the clinical examination, no movement restriction was raised. On MRI, there was no evidence for loose bodies or other causes, which could explain the blocking. One of these patients in addition had superficial vein thrombosis.
One patient experienced deep vein thrombosis directly after surgery, leading to pulmonary embolism. This 46-year-old female patient in addition had to undergo ACL surgery during the transplantation procedure. The duration of the transplantation was 148 minutes and thus took more time than the average duration of the transplantation procedures in this trial (average, 60.12 minutes). The thromboembolic event occurred during hospitalization after transplantation; however, the patient recovered within 3 months from this SAE. These SAEs had no causal relationship to the spheroid application but to the surgical procedure. 
Discussion
The present IIT was conducted to prospectively evaluate the efficacy of the treatment with the 3-dimensional autologous chondrocyte product co.don chondrosphere with respect to mental and physical health, pain, functionality, and tolerability in a relatively heterogenous group of patients with isolated cartilage defects in the knee presenting at the hospital. Special features of the spheroids in co.don chondrosphere are that they already contain chondrocytes in an advanced differentiation state, producing cartilage-specific matrix before being transplanted, and that adhesion and direct association of spheroids with the native cartilage tissue and the bone plate are possible without any additional materials for fixation. 23 It was proposed that this treatment may accelerate the process of defect filling and consequently the improvement in functioning in daily life and sports activities.
MRI has become a widely used noninvasive method for the assessment of articular cartilage defects and repairs. The main advantages of MRI for cartilage imaging are not only its noninvasiveness but also its reproducibility and accuracy by using standardized MRI protocols.
The MOCART classification system includes 9 variables for the accurate description of cartilage repair tissue with high correlation to the clinical and arthroscopic outcome of the procedures. 32 Its purpose is to categorize visual information on the cartilage transplant. This scoring system was used here as it is the best validated and internationally most widely accepted method to visually assess cartilage repair sites. Assessments of the defect filling using MRI and 2-dimensional MOCART score were performed by 2 independent readers. Both readers gave higher scorings at 12 months as compared to 3 months after transplantation. However, the overall increase of the MOCART total score from 3 to 12 months after transplantation was not significant for the assessments of both readers, which seems to indicate that the defect repair tissue has already developed to a large extent at 3 months. This corresponds to the observation that the maximal reduction of pain was reported after 3 months. It also corresponds to the outcome of the various patient scores, indicating pronounced improvement after 3 to 6 months regarding different parameters.
The results in the IIT demonstrate that all self-administered subjective assessment scores reached their maximal levels of improvement and minimal levels of complaints already at 6 months after treatment with the spheroids and, in case of pain reduction, even after 3 months. Other 3-dimensional products with scaffold-associated chondrocytes for cartilage repair were confirmed in a prospective cohort study to show a more rapid improvement in ACT3D-treated patients compared to conventional ACT. 35 Particularly when timely IKDC score curves were compared, the curve of the ACT3D group in the study by Ferruzzi et al. 35 reached the plateau earlier at about 18 months, while the curve for the ACT group reached a similar maximum level at 24 months.
Factors in the present IIT that may potentially have influenced the results of the ACT3D using spheroids were defect size, defect locations, spheroid dosage, age, duration of symptoms previous to the clinical trial, and severity of complaints.
Several clinical studies, some of them randomized and prospective, showed that conventional ACT and ACT3D provide one of the safest and most satisfying and reliable methods of cartilage reconstruction in adults with relatively large defects exceeding 4 cm 2 . 7 The spheroids in co.don chondrosphere have been used for the treatment of chondral defects up to 10 cm 2 , classified in our clinical practice either as grade 3 or 4 Outerbridge or ICRS grades 3 and 4. In isolated cases, the spheroids have also successfully been used for the treatment of even larger defects up to 15 to 20 cm 2 . In the present IIT, 13 patients with defect sizes >5 cm 2 , including 2 patients with defect sizes of even 11.2 and 12 cm 2 , respectively, were successfully treated with the spheroids, and no remarkable difference in the subjective assessments was observed when compared with the outcome reported by patients in the subgroups with smaller cartilage lesions.
Interestingly, the spheroid dosage does not seem to play a major critical role in cartilage repair of different defect sizes as the range of 13.8 and 170.0 spheroids/cm 2 applied in patients of this study did not reveal significant differences in the patient-reported outcome.
The principle for spheroid dosage differs substantially from the dosing of chondrocyte cell suspensions. The relevant dosage to be applied is concerning the number of spheroids and not the number of cells within the spheroids. For ACT3D, a defined number of spheroids per 1-cm 2 defect has to be applied. After transfer of the chondrocytes to the 3-dimensional system, the cells aggregate, and the spheroids become tighter (matrix formation) and smaller (matrix condensation). Matrix formation and maturation are accompanied by cell death. The area of dead cells within a spheroid is refilled by matrix. Thus, the number of cells within a spheroid does not reflect the capacity of a specific spheroid number to fill a defined defect area. From clinical experience with doses of co.don chondrosphere, a range of 10 to 70 spheroids/cm 2 of defects was applied in the majority of cases treated since 2004.
Results on age dependency of the clinical success of the ACT method are controversial. Younger patients (less than 40 years of age) were seen to have better outcomes in some studies. [36] [37] [38] However, other studies did not find a relationship between age and clinical success. 39 41, 42 The Joint Advisory Board of the German Societies for Traumatology (DGU) and Orthopaedic Surgery (DGOOC) proposes an approximate age limit of 50 years of age. However, it was reported that chondrocytes can also be cultivated successfully beyond 50 years of age depending on the "fitness" of chondrocytes. 15 This view is shared by the working group of the Belgian Orthopaedic Societies on cartilage repair in the knee. 3 When using primary mesenchymal stem cells as cell-based strategy to treat musculoskeletal diseases including critical-sized bone defects or cartilage defects, it was observed that donor age did not affect the osteogenic 43 and chondrogenic differentiation potential, respectively, and thus, it should not be used as an exclusion criterion for autologous transplantation of human adult mesenchymal stem cells.
Thus, older patients might still show good recovery as observed in this study. The age range of the patients in the present IIT was between 15 and 53 years, with 2 patients of 51 and 53 years of age, respectively, and 1 patient being 15 years old at the time point of transplantation. A comparison of the defined age groups of ≤30-, 30-to 40-, and >40-year-old patients did not reveal a significant difference in subjective and clinical outcome. A tendency towards slightly better ratings was observed for the younger patients ≤30 years old; however, this was already observed at baseline, and the relative improvement in symptoms was comparable between the groups. Thus, an age-dependent success of ACT3D with the spheroids could not be observed in this IIT.
Interestingly, a recent study suggested that results from published RCTs may not be representative of the gross cartilage population in the clinical practice. 44 This applies also to the IIT presented here, where patients were included, being heterogenous in etiology and the anatomic locations and size of cartilage lesions. The authors stated that these limitations, which are necessary to achieve a high internal validity due to the study design of RCTs, may naturally interfere with the external validity and clinical applicability of them. Often, concomitant injuries in the knee are defined as exclusion criteria. However, in daily practice, concomitant injuries are common, with meniscus injury as the most common one. Here, it was observed that the operation time may vary substantially between a single transplantation procedure and a surgery including repair of coinjuries. Therefore, a conclusion towards a shorter operation time using ACT3D compared to other surgical techniques for cartilage repair, for example, microfracture, cannot be drawn from this IIT.
It was reported earlier that anatomic locations may affect the clinical outcome of ACT, with femoral condyle as the most favorable one and patellae as the most challenging one. 45 Lesions on the femoral condyles also showed more improvement when treated with chondrocyte cell suspensions than lesions on the patellae and trochlea. However, the situation for the 3-dimensional spheroids is different as they are in a more advanced differentiation state, expressing a more pronounced extracellular matrix structure and potentially leading to stronger adhesion at the time point of transplantation. Spheroids adhere within 20 minutes without any fixation. 46 In the present IIT, where patients with either type or both types of these particular defects were treated with spheroids, no differences could be observed in the MRI regarding the defect filling. There was even a higher tendency for improvement with patellofemoral lesions than lesions on the femoral condyle. Also regarding the patientreported outcome, no significant differences between both groups were found.
Recently, it was reported that more than 1 lesion in the knee was significantly associated with a lower Lysholm score. 44 A t test comparing the Lysholm score between those patients with 1 lesion and those with 2 or more had yielded P < 0.002. Although in the present IIT, a difference in the clinical outcome with regard to the number of defects could not be observed, the results have to be interpreted with caution due to the low number of patients with more than 1 lesion.
The duration of symptoms previous to treatment was suggested to be relevant for the outcome of the ACT3D treatment particularly with respect to the activity level. In a study reported by Saris et al., 8 in the group treated with characterized chondrocyte implantation (CCI) using an autologous cell suspension product, improvement in overall Knee injury and Osteoarthritis Outcome Score (KOOS) was 28% and 71% higher when symptom onset was <2 years and <3 years, respectively, compared with ≥2 and ≥3 years.
Recently, an evaluation of the duration of symptoms as efficacy parameter for clinical outcome was performed in a 5-year follow-up study with CCI. 47 The time to treatment was shown to affect the outcome at 5 years postsurgery, indicating that an early treatment of cartilage defects with a chondrocyte-derived product had improved long-term clinical outcome assessed with the KOOS. Such a correlation was observed in the present IIT only for the activity level of the patients. The results of the Tegner score assessing activities in recreational and competitive sports and daily life showed a significant difference between patients with shorter duration of symptoms for ≤12 months compared to those with symptoms persisting for more than 12 months before participating in the IIT. The other assessment scores did not display significant differences depending on the duration of symptoms before treatment. Importantly, the previous surgical treatments regarding the cartilage defect ( Table 2) had no remarkable impact on the clinical and subjective outcome at 1 year after ACT3D with spheroids (data not shown).
The BMI range of the patients in the present IIT varied between 14.0 and 44.8. Of 30 patients, for whom BMI values were available, 6 patients had a BMI >30, which is above the limit that is usually accepted under the condition of controlled clinical trials. In most published RCTs, a BMI of >30 is defined as exclusion criterion. 48 In the present trial, no correlation between BMI and clinical outcome was detected (data not shown), indicating that the treatment with the spheroids is an option for cartilage repair also for obese patients with a BMI >30.
The AEs and SAEs observed in this clinical trial are common for ACT procedures and have been reported for different ACT products. 49 AEs with third-generation autologous chondrocyte-derived products (particularly matrix associated) include hypertrophy, infections, treatment failure, and subsequent surgical procedures. Incidence rates are low (0%-6.3%). Thus, the AEs reported in the present IIT for ACT3D with co.don chondrosphere (thrombosis [superficial] , infection, thrombosis [deep vein], pulmonary embolism) are consistent with the known AE spectrum for this type of product and are likely related to the surgical procedure of the transplantation but could also be caused by underlying conditions of the patient. Due to its strictly autologous nature, co.don chondrosphere may be regarded as a safe product without immunological or toxic reactions.
Conclusions
Overall, the final scores along with the fast defect filling after the treatment with the spheroids in co.don chondrosphere revealed a statistically significant increased level of activity and quality of life already after a 6-month follow-up with a further slight increase at the 1-year final assessment. Admittedly, this 1-year assessment is a weakness of this analysis as long-term observations under defined conditions of a clinical trial are required to provide further evidence for the clinical efficacy and safety of the treatment with the spheroids. A 2-year follow-up assessment is therefore planned and will be published in due course. Two randomized controlled clinical trials (1 phase II dose-finding study and 1 phase III study with microfracture as comparator) are currently running to substantiate the findings of this IIT.
In this study, an open surgery was performed in all cases. The spheroids allow also an arthroscopic application, which offers the possibility of reducing surgical complications and optimizing the safety profile of the product. A further point to consider is that the spheroids are the only purely autologous chondrocyte product; that is, no xenogenous material is needed for fixation. This represents a further safety advantage by minimizing toxicity or viral contamination, thereby reducing the risk for treatment failure.
